Abstract-The Emmaville eucrite is a relatively poorly studied basaltic achondrite with an anomalous oxygen isotope signature. In this study, we report comprehensive mineralogical, petrographic, and geochemical data from Emmaville in order to understand its petrogenesis and relationship with the basaltic eucrites. Emmaville is an unusually fine-grained, hornfelsic-textured metabasalt with pervasive impact melt veins and mineral compositions similar to those of typical basaltic eucrites. The major and trace element bulk composition of Emmaville is also typical of a basaltic eucrite. Three separated individual lithologies were also analyzed for O isotopes; a dark gray fraction (E1), a shocked lithology (E2), and a lighter gray portion (E3). Fractions E1 and E2 shared similar O isotope compositions to the bulk sample (E-B), whereas the lighter gray portion (E3) is slightly elevated in D 17 O and significantly elevated in d
INTRODUCTION
It has long been known that certain basaltic achondrites share similarities with eucrites. These eucrite-like achondrites have distinct isotopic compositions and petrologic characteristics indicative of formation on a separate parent body from the HED clan (e.g., Ibitira, Northwest Africa [NWA] 011; Yamaguchi et al. 2002; Wiechert et al. 2004; Floss et al. 2005; Greenwood et al. 2005; Mittlefehldt 2005 ). Others show smaller isotopic variations but are otherwise petrologically and compositionally indistinguishable from basaltic eucrites, such as Pasamonte (Wiechert et al. 2004; Greenwood et al. 2005; Scott et al. 2009 ). Studying anomalous eucrites allows us to more completely understand the number of parent asteroids represented by eucrite-like basalts as well as further constrain the chemical and isotopic diversity present within the HED suite. The Emmaville eucrite is a fall and has a D 17 O value of À0.137 AE 0.024 & (1r) (Greenwood et al. 2013) , substantially different from the eucrite mean of À0.246 AE 0.014 & (2r) , but similar to those of Asuka 881394 (A-881394; Scott et al. 2009 ) and Bunburra Rockhole (Bland et al. 2009 ; Fig. 1 ).
Currently little data exist for Emmaville in terms of petrology or bulk composition (Morgan and Lovering 1973; Mason 1974; Stolper 1977; Yamaguchi et al. 1996) . In this study, we present a comprehensive examination of the petrology, mineral compositions, and major and trace element abundances along with O isotopic data to address three possibilities that 1) the HED parent body is not as well homogenized as was previously considered, 2) Emmaville is from a separate parent body that generated eucrite-like basalts, or 3) mixing of impactor material with contrasting O isotopic composition into Emmaville affected its composition.
SAMPLES AND ANALYTICAL APPROACH
Analyses were conducted on two polished thin sections of Emmaville (Smithsonian Institute, USNM 5755 1; Natural History Museum, London, P293), using the JEOL8530F field emission election probe microanalyzer (EPMA) at the NASA Johnson Space Center. Beam conditions included an accelerating voltage of 20 kV, and a beam current of 40 nA for pyroxene, with a spot size set to~0.01 lm (giving an excitation volume of~1 lm 3 ). These beam conditions and the counting times used are those of Mittlefehldt (2005) and result in greater precision of Fe/Mn ratios than commonly used EPMA protocols. Plagioclase was analyzed with a 15 kV, 20 nA beam, and 3 lm spot size. Modal abundances were calculated using the pixel histograms in the free software ImageJ Ò on a number (n = 20) of high-quality back scatter electron (BSE) images which were then averaged to achieve a representative sample of the section (~5.84 mm 2 ).
Raman Spectroscopy
Raman spectroscopy was conducted on a Horiba Jobin Yvon LabRam HR at the Open University. A 514.53 nm laser with a laser power of 1.45-1.71 mW and spot size of~2 lm was used for analysis and standardized with a Si chip. Hole and slit settings were 300 lm and 150 lm, respectively. Analyses consisted of two 10 s collections using a 50 9 objective lens and a 600 grooves per mm grating, giving a spectral range of 0-1900 wave numbers. Three maps were taken ranging in size from 29 9 44 lm to 91 9 135 lm with separations ranging from 2-5 lm. A linear baseline was used for data correction.
Major, Minor, and Trace Element Analysis
For bulk major and trace element analysis powdered samples were weighed into clean 7 ml Savillex TM beakers. Sample amounts ranged from 13.57 mg (Ibitira) to 113.30 mg (Tirhert). Sample dissolution was achieved using standard HF-HNO 3 digestion techniques (Rogers et al. 2006) , followed by 1000-fold dilution for analysis in 2% HNO 3 . Major elements were analyzed using a Teledyne-Leemans Prodigy high-dispersion ICP-OES (inductively coupled plasma-optical emission spectrometer), operating in axial view, and standards were prepared using a 1000 ppm certified multielement standard from Fisher Scientific. Trace elements were determined on the same solutions using an Agilent 7000a ICP-MS (inductively coupled plasma-mass spectrometer). Both instruments are located at the Open University.
The ICP-MS concentration calibrations were carried out using stock digestions of BHVO-2-, DNC-1-, AGV-1-, and W2-certified rock standards. Instrumental drift was corrected for by measuring a "monitor block" consisting of one basaltic reference standard (BIR-1), one unknown (Tirhert), and a blank solution of 2% HNO 3 after every five unknowns. Oxides (measured as CeO/Ce in the tune solution) are kept to a minimum, usually at <0.3%, and doubly charged species (Ce ++ / Ce + ) at <1.0% and masses used were chosen as they are free of isobaric interferences. The average and relative standard deviation of the drift-corrected unknown in the monitor block was used to determine the precision of the measurements. For elements lighter than Rb, the relative standard deviation (1r, n = 4) of Tirhert was <5.3%; elements heavier than Rb typically have uncertainties of much less than 4.1% (RSD 1r). Th and U yielded slightly higher uncertainties at 5.4% and 7.3% (both 1r), respectively. The majority of values for the average trace element data of BIR-1 agree to be better than AE10% when compared with those reported by Eggins et al. (1997) for the same rock standards, and we use this as our estimate of accuracy. Two elements, however (Hf and Rb), deviate by up to 12.2% from the Eggins et al. (1997) values. The measured and average standard values can be found in Data S1 in supporting information. A total Fig. 1 . Oxygen isotope composition of anomalous achondrites shown in relation to HEDs, angrites, and main-group pallasites. Data compiled from Greenwood et al. (2005 Greenwood et al. ( , 2012 Greenwood et al. ( , 2013 Greenwood et al. ( , 2016 ; Scott et al. (2009); Janots et al. (2012). procedural blank was run and measured at the same time as the unknowns, as blank levels were insignificant, no correction was required.
Oxygen Isotopic Analysis: Sample Preparation and Analytical Procedures
Similar to many eucrites, Emmaville shows evidence of brecciation and the development of shock melt veins. In order to verify whether Emmaville is isotopically homogeneous, or if the different lithologies preserve distinct oxygen isotope compositions, we attempted to separate the various lithological fractions. An approximately 400 mg fusion-crusted chip (removed from the single fragment analyzed by Greenwood et al. 2013 Greenwood et al. , 2016 was gently crushed in an agate mortar and various fractions were hand-picked with the aid of a binocular microscope. Three distinct fractions were separated from Emmaville for the current study: E1, a relatively homogeneous gray-colored lithology which was free of shock melt veins; E2, material containing a relatively high proportion of dark fine-grained shock melt veins; and E3, a fine-grained light-colored fraction.
Oxygen isotopic analysis was undertaken at the Open University using a modified version of the infrared laser-assisted fluorination system described by Miller et al. (1999) and the details of which can be found in Greenwood et al. (2015) . An estimate of the present level of precision of the Open University system is provided by 39 analyses of our internal obsidian standard undertaken during six separate sessions by Greenwood et al. (2015) 
where k = 0.5247 (Miller et al. 1999; Miller 2002) .
RESULTS

Mineralogy
Emmaville is an unusually fine-grained (<60 lm compared to the 50-100 lm grain size typical of finegrained basaltic eucrites, for example, Mayne et al. 2009 ) hornfelsic-textured metabasalt (Fig. 2) . The mineralogy mainly comprises low-Ca pyroxene (23.3% modal abundance), high-Ca pyroxene (21.1%), plagioclase (38.1%), and a silica phase (8.9%), identified here as quartz by Raman spectroscopy (see Data S2 in supporting information). Minor phases include ilmenite, chromite (combined oxide modal abundance 1.3%), troilite (trace), and melt veins (7.3%). During our detailed petrographic analysis only two <10 lm zircon grains and two Ni-poor metal grains were observed. Average mineral compositions are given in Table 1 .
Pyroxene and plagioclase grains are typically 10-30 lm across, but some regions have noticeably coarser grain size of~100 lm in the longest dimension. Emmaville also contains~100 lm wide melt veins running through the length of both analyzed sections. Despite the very fine-grained texture of Emmaville, suggestive of rapid cooling, the sample has undergone extensive thermal equilibration where larger low-Ca pyroxene grains exhibit coarse exsolution of augite and smaller grains completely recrystallized to low- (Fig. 3) . Inversion of pigeonite to orthopyroxene typifies type 6 eucrites rather than type 5-the designation of Emmaville given by Takeda and Graham (1991) . We suspect that some of the low-Ca pyroxene has inverted to orthopyroxene on the basis of pyroxene compositional data (Table 1) . However, it has been shown that low-Ca pyroxene in some basaltic eucrites failed to invert to orthopyroxene and a low-Ca abundance does not necessarily indicate an orthopyroxene crystal structure (see for example, Takeda 1979 ). Thus, Emmaville may be a type 5 or type 6 eucrite-like basalt.
The plagioclase composition in Emmaville (An [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] ) is also similar in composition to typical basaltic eucrites (An 75-94 ; Mittlefehldt [2015] and references therein). The average ilmenite composition of Emmaville (Table 1) , is consistent with basaltic eucrite values (TiO 2 =~52 wt% FeO =~44 wt%; Mayne et al. 2009; Mittlefehldt 2015) , although it can be noted that it is slightly enriched in FeO by~2 wt%.
Major, Minor, and Trace Elements
Major element compositions are given in Table 2 . For all major elements analyzed here, Emmaville plots within a similar range to most basaltic eucrites (SM2). Minor and trace element compositions are given in Table 3 . The data presented here are broadly consistent with literature values for these meteorites (see Table S7 of Mittlefehldt [2015] and references therein). Cobalt is slightly enriched and bears some similarities to values obtained for diogenites, polymict eucrites, and howardites. In contrast, nickel is an order of magnitude higher than the other basaltic eucrites in this data set (149 ppm as opposed to between 1.46 ppm and 16.3 ppm). The overall REE element pattern for Emmaville is similar to other basaltic eucrites and clearly resolvable from the Stannern trend (Fig. 4) . Compared to the other eucrites studied here, Emmaville has high levels of enrichment of Pb (1041 ppb), very slightly elevated abundances of U, Th, and Rb, but with slight depletions in Zr and Hf.
Oxygen Isotopic Composition
Oxygen isotope results are given in Table 4 and plotted in Fig. 5 . Also shown in Fig. 5 are the oxygen isotopic analyses for angrites (Greenwood et al. 2005) , HEDs (2r and 3r from Greenwood et al. 2005 Greenwood et al. , 2014 Greenwood et al. , 2015 , the anomalous howardite JaH 556 , and various anomalous basaltic achondrites (Greenwood et al. 2005 (Greenwood et al. , 2013 (Greenwood et al. , 2015 Bland et al. 2009; Scott et al. 2009 ). It is clear from Fig. 5 that Emmaville is an isotopically anomalous eucrite on the basis that its D 17 O composition lies at least 3r outside the mean HED value for fall samples (n = 26) D 17 O = À0.240 AE 0.021& (3r) . This is in agreement with the definition of Scott et al. (2009) . The mean analyses of the gray (E1) and shock vein-rich (E2) lithologies plot close to the bulk sample (E-B) of Greenwood et al. (2013 Greenwood et al. ( , 2015 Greenwood et al. ( , 2016 (Table 4) .
The combined data for the three Emmaville fractions (E1 + E2 + E3) (n = 8) yields an average D 17 O value of À0.153 AE 0.030 (AE2 SD). In comparison, data for 22 diogenites from Greenwood et al. (2014) gave the following average D 17 O value: À0.246 AE 0.014 (AE2 SD). This suggests Emmaville is significantly more heterogeneous than the HED suite. Possible reasons for this higher level of heterogeneity are discussed in further detail below.
DISCUSSION
Mineralogy and Petrology
Primitive bodies in the solar system can have different Fe/Mn ratios in their silicate minerals as a consequence of volatility and oxidation state controls (Papike 1998) . Pyroxene Fe/Mn ratios were plotted (Fig. 6) as they contain the bulk of Fe and Mn. Figure 6 shows that the Fe/Mn ratio of Emmaville falls within the normal range of basaltic eucrites and also suggests a common oxidation state for its parental magma.
Chromite grains plot in two discrete groupings within the basaltic eucrite trend (Fig. 7) , which represent chromite and a more titanian chromite. To achieve such distinct populations of chromite grains requires different early and late phases of All measurements are in mg/g unless otherwise specified.
crystallization. Elemental abundances of Cr and Ti in chromite have been linked to different degrees of oxidation, with Cr more abundant in reduced conditions and greater abundances of Ti in more oxidizing conditions (Bunch and Keil 1971) ; it is therefore possible that the two populations of chromite grains are linked to a change in the oxidation state of the parental melt. High-Ti chromite grains are also a typical feature of highly metamorphosed eucrites owing to the decomposition of ulvӧspinel (Yamaguchi et al. 2001 (Yamaguchi et al. , 2002 (Yamaguchi et al. , 2009 ). These Ti-rich chromite grains are typically found in close association with ilmenite, something not commonly observed in Emmaville.
Major and Trace Elements
The major element abundances for Emmaville are similar to those published in the literature (Mason 1974; Stolper 1977) . The depletion of Hf and Zr could in principle be caused by an incomplete dissolution of zircons. As all of the samples presented here underwent the same acid digestion protocol, if partial digestion of zircon occurred it is likely that other samples would be similarly affected. Given the lack of evidence for partial zircon dissolution in the basaltic eucrite Camel Donga, which yields Zr and Hf abundances consistent with literature values (Cleverly et al. 1986; Palme et al. 1988; Barrat et al. 2000) , it is unlikely that Emmaville would have been affected. Another possibility which fits with the mineralogical data is that zircon grains are rare within the Emmaville eucrite and could potentially be underrepresented within the powdered sample. When compared to the Zr and Hf abundances of the anomalous achondrite Bunburra Rockhole (Spivak-Birndorf et al. 2015) , Emmaville displays All measurements are in lg/g unless otherwise specified. similar abundances for both elements, albeit at slightly lower concentrations (Zr = 41.1 ppm compared to Bunburra Rockhole's~45 ppm). The eucrite Sioux County in Fig. 4 is depleted in LREEs with an increase in abundance toward the heavier REEs. This could be due to the coarse-grained nature of the eucrite and reflect heterogeneity in the powdered sample used in this study with respect to REE-rich phases such as apatite. Tirhert is also a very coarse-grained eucrite, however, in the case of this meteorite, the REE pattern is flatter with a small depletion toward the HREEs. While no preferential depletion of LREEs is observed it may still be possible that the low abundances of REEs reflect a heterogeneous powder under-represented in the REE carrying phases such as Ca-phosphate.
The achondrite Bunburra Rockhole shares several similarities with Emmaville in terms of its major element, REEs, and oxygen isotope signature (SpivakBirndorf et al. 2015) . As a result of these similarities, in particular the similar oxygen isotope signature, we speculate that these two meteorites share a common parent body. The modal mineralogy of Bunburra Rockhole falls on the trend line defined by pyroxene versus plagioclase modal abundance for eucrites (Fig. 8) . However, Emmaville lies off this trend, plotting below the pyroxene-plagioclase trend of basaltic eucrites on account of the large amount of quartz observed in our sample. Despite this, both share similar mineralogies and Fe/Mn ratios of pyroxene with noncumulate eucrites. Trace element data for these two meteorites are also comparable to typical eucrites. However, as noted before, the elevated Ni abundance of Emmaville (Table 3) is in stark contrast to Bunburra Rockhole, which is depleted in Ni relative to most eucrites (Spivak-Birndorf et al. 2015) . This is particularly surprising as the most likely mineral to host Ni in Emmaville is pyroxene, which has a lower modal abundance compared to typical basaltic eucrites and Bunburra rockhole. This could be attributed to a greater amount of Ni partitioning into the core of the anomalous eucrite parent body, or different initial abundances between eucrites and Bunburra Rockhole (Spivak-Birndorf et al. 2015) . Cobalt in Emmaville is also enriched compared to basaltic eucrites and Bunburra Rockhole. The enrichment of Co and Ni abundance in Emmaville is difficult to reconcile with a similar Co abundance and depletion of Ni observed in Bunburra Rockhole if they are thought to originate from the same parent body.
The Co abundance of Emmaville is similar to diogenites, polymict eucrites, and howardites. This could imply that Emmaville has undergone some impact mixing, however, based on the petrography and element maps conducted on the sections and melt veins studied here, we find no evidence for mixing with diogenitic or chondritic material. Another possible indication of impact mixing is elevated siderophile elements such as Ni. To eliminate this possibility, the percentage of impactor material needed to elevate a typical eucrite to the Ni and O isotope values observed in this study was modeled for both H and L chondrites. Ni contents of 16000 ppm and 12000 ppm were used for H and L chondrites, respectively (Wasson and Kallemeyn 1988) , a Ni content of 2.3 ppm for pristine noncumulate eucrites (Warren et al. 2009 ) and D 17 O values from Clayton et al. (1991) and Greenwood et al. (2016) . It was found that~1% H or L chondrite material was required to elevate Ni to comparable levels but did not elevate D 17 O significantly. To reconcile the O isotopes with impactor material~10% mixing is required; however, this results in approximately an order of magnitude more Ni than observed. This further strengthens our conclusion that Emmaville has not had significant impact contamination.
Oxygen Isotopes
The majority of diogenite, eucrite, and cumulate eucrite samples have virtually identical D 17 O values ( Fig. 1) (Scott et al. 2009; Greenwood et al. 2014 ). This has been cited as evidence to support the view that all of the major HED lithologies are derived from a single, isotopically homogeneous parent asteroid, widely believed to be Vesta (Greenwood et al. 2005; McSween et al. 2013) . However, as pointed out by Scott et al. (2015) and follow the same abbreviation style, whereby FG, MG, and CG correspond to the fine-, medium-, and coarse-grained domains outlined in the publication. The reference chondrite is from Lodders (2003) .
(2009), a relatively small group of basaltic achondrites (Fig. 5) have D 17 O that lie at least 3r outside the mean value defined by the HED falls, that is, À0.240 AE 0.021& (3r) (n = 26) . With the exception of NWA 1240 (Scott et al. 2009 ) and NWA 011 (Yamaguchi et al. 2002) (not shown in Fig. 5 ) all of the presently identified anomalous basaltic achondrites plot between the eucrite fractionation line (EFL) and the angrite fractionation line (AFL) on Fig. 5 .
As pointed out by McSween et al. (2013) , various scenarios have been envisaged to explain the origin of these isotopically anomalous basaltic achondrites and will be discussed later. One such scenario proposed by Wiechert et al. (2004) is that both normal and anomalous samples come from a single heterogeneous HED parent body based on the variation of 16 O observed in certain HEDs. In contrast, Scott et al. (2009) suggested that the isotopically anomalous samples may have come from distinct asteroidal sources. This latter explanation implies that the HED parent body itself had a very homogeneous D 17 O composition, consistent with magma ocean models for Vesta (Righter and Drake 1997; Greenwood et al. 2005) . As an explanation for the origin of at least some anomalous basaltic achondrites, Greenwood et al. (2005) and Janots et al. (2012) highlighted the possible role of impact processes as a mechanism for producing isotopic heterogeneity.
For a few anomalous eucrites such as Ibitira (Wiechert et al. 2004; Mittlefehldt 2005) , A-881394 (Greenwood et al. 2005) , BR-F, BR-M, BR-C: fine, medium, and coarse fractions from Bunburra Rockhole (Bland et al. 2009 ); E-B: Emmaville bulk (Greenwood et al. 2013 ); E-1, E-2, E-3: Emmaville fractions in this study (see text for further details). Analyses of PCA 91007, Pasamonte, and A-881394, NWA 1240 (Scott et al. 2009 ), Ibitira , and JaH 556 ). (Nyquist et al. 2003) , and the anomalous achondrite NWA 011 (Yamaguchi et al. 2002) a range of evidence would suggest that they are not from the same parent body as the majority of HED samples (Scott et al. 2009 ). However, the situation is less clear cut for the other anomalous eucrites, with at least some showing significant degrees of brecciation (e.g., Pasamonte; Metzler et al. 1995) . The tightly constrained O-isotope distribution of anomalous basaltic meteorites (with the notable exception of NWA 011), lying between the EFL and AFL (Fig. 5 ) could be interpreted as supporting an origin by impact mixing between HED lithologies and material that lies above the AFL (i.e., with an isotopic composition that may be similar to that of the ordinary chondrites). A clear example of where this has actually taken place is provided by the anomalous howardite JaH 556 . JaH 556 is a weathered impact melt breccia, comprising highly shocked clasts set in a finely recrystallized vesicular matrix. The bulk oxygen isotope composition of JaH 556 is anomalous, with a D 17 O value of À0.11& (Fig. 5) . In contrast, EATG (ethanolamine thioglycolate)-washed clasts in JaH 556 have normal HED D 17 O values (Fig. 5) . JaH 556 has a highly enriched siderophile element content and contains clasts that appear to be relict chondrules, with olivine compositions consistent with an H chondrite precursor. Both the siderophile element content and bulk oxygen isotope composition of JaH 556 point to admixing of a 10-15% H chondrite component in this meteorite. An impact origin for an anomalous HED could be overlooked in the case where a lower percentage of impactor material is present, or was nonchondritic (i.e., low siderophile element content).
Unlike JaH 556, none of the various fractions separated from Emmaville (E1, E2, E3) plot close to the EFL (Fig. 5) . Emmaville also has a basaltic eucrite mineralogy and mineral compositions, and the element maps show no clear evidence of any exogenous material. Any incorporated material would also likely have affected the bulk major and trace elements, a feature not reflected in the majority of our data as discussed above. Another possibility is that the impact of an isotopically distinct body onto Vesta during the late stages of magma ocean crystallization could have resulted in isotopically distinct basalts. The petrologic model of Mandler and Elkins-Tanton (2013) invokes continuous or periodic recharge of shallow magma chambers by residual melts derived from deeper in the solidifying mantle as a means to produce the observed suite of HED lithologies. An impact at this stage could produce a regional difference in O isotopic signature in the magma that was not homogenized through the body. Impact contaminated basalts, however, would likely have differing compositions to normal basaltic eucrites depending on the amount of exogenous material incorporated into their parental melt. For anomalous eucrites such as Ibitira or Pasamonte to be from Vesta, they would both require different, as yet unknown, types of impactor contamination (Wiechert et al. 2004; Scott et al. 2009 ). This evidence would appear to exclude the possibility that Emmaville represents a howardite-like impact breccia composed of projectile material with a D 17 O composition lying above the AFL that was mixed with isotopically normal HED material. Instead, Emmaville more closely resembles the Bunch and Keil (1971) , Mittlefehldt (1994), and Mittlefehldt (2015) .
case of Bunburra Rockhole (Bland et al. 2009; Benedix et al. 2014) Fig. 1 of Benedix et al. (2014) . Benedix et al. (2014) suggested that Bunburra Rockhole may be derived from the same parent body as A-881394. If this interpretation is correct then Emmaville may represent a third sample from this body.
Possible Parent Bodies for the Emmaville Eucrite
With mineral compositions and REEs indistinguishable from ordinary basaltic eucrites and an impactor component unlikely, there are two explanations to reconcile the difference in O isotopes with that of normal HEDs. The two possible explanations are:
1. The HED parent body is not as well homogenized as was previously considered (Wiechert et al. 2004; Greenwood et al. 2005 Greenwood et al. , 2014 Scott et al. 2009 ). 2. Emmaville is from a separate parent body which produced basalts of similar composition to the eucrites of the HED clan (Scott et al. 2009 ). The HED parent body, Vesta, is believed to have differentiated with a well-mixed magma ocean which should have homogenized the various isotopic systems (Righter and Drake 1997; Greenwood et al. 2005; Mandler and Elkins-Tanton 2013) . If this magma ocean was not as well mixed as previously expected it is possible that the isotope systematics may not have fully equilibrated. In this scenario, basalts derived from different regions would still be similar in chemical composition, as they derived from the same starting material, but their isotopic systematics would reflect the degree of local equilibration (Wiechert et al. 2004 ). Ghosh and McSween (1998) suggested that the outer layers of Vesta could have retained some isotopic heterogeneity and never reached the melting temperature to become equilibrated. Their model not only still predicts the perfect homogenization of the interior of Vesta but also allows some oxygen isotope heterogeneity. One problem with this idea, however, is that the outer layers are likely to have been assimilated into the Vestan mantle owing to differences in density (Mandler and Elkins-Tanton 2013) .
The argument for a heterogeneous Vesta encounters several problems, predominant among which is the striking homogeneity of the majority of HED meteorites. Impacts have excavated the HED parent body to significant depth and to date, only the highly shocked diogenite Dhofar 778 (shock stage S4) has an anomalous oxygen isotope composition . It is possible, however, that most of the HEDs currently available could have been excavated from a single impact event (Bogard and Garrison 2003) , as these smaller groups of eucrites with differing O isotopes may well represent material excavated from different areas across the surface of Vesta.
Bunburra Rockhole, A-881394, Elephant Moraine (EET) 92023, and Emmaville are all distinct in oxygen isotope composition despite being similar in petrology and mineral compositions to that of the HED parent body. Variations in e 54 Cr have also previously been used to identify meteorite groups or parent bodies (e.g., Trinquier et al. 2007; Qin et al. 2010) . On a plot of D 17 O versus ɛ 54 Cr both A-881394 and Bunburra Rockhole form a distinct cluster that is fully resolvable from normal eucrites (Benedix et al. 2014) . Although the ɛ 54 Cr composition of Emmaville and EET 92023 have not yet been determined, on the basis of their similar oxygen isotope compositions it seems possible that all four samples (Bunburra Rockhole, A-881394, Emmaville, and EET 92023) are derived from an isotopically distinct HED-like parent. It is, on the other hand, possible for these meteorites to not all be derived from a single parent body as the similarities in O isotopic composition do not necessarily imply a genetic relationship. Recent preliminary petrologic data by Mittlefehldt et al. (2016) , as part of an ongoing campaign, suggests that A-881394 and EET 92023 may well be from separate asteroids in spite of their similar O isotopic composition. These petrological differences preclude these four meteorites forming a grouplet as defined by Weisberg et al. (2006) .
CONCLUSIONS
We conclude the following based on our studies: 1. Our results provide a detailed account of the mineralogy as well as bulk chemistry of the Emmaville eucrite, and suggest that it is nearly indistinguishable from basaltic eucrites in terms of mineralogy and bulk composition, but its oxygen isotopes and fine-grained metamorphic texture stand out as anomalous. This study presents three hypotheses for the formation of this anomalous eucrite and although its origin is still uncertain, the differences in oxygen isotope composition coupled with evidence against a heterogeneous Vesta or obvious impactor contamination lead us to conclude it is more plausible that Emmaville is from a separate parent body.
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